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Isolates
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This study investigated the correlation between blay,_s, variants and Acinetobacter baumannii worldwide clonal lineages 1 to 8
(WWT1 to -8). The blagx_s1.1ike genes of 102 A. baumannii isolates were sequenced. Using DiversiLab repetitive-sequence-based

PCR (rep-PCR) typing, 92 of these isolates had previously been assigned to WW1 to -8 and 10 were unclustered. Clustering of
DNA sequences was performed using the neighbor-joining method and the Jukes-Cantor phylogenetic correction. blagx, s,
variants were in good correlation with DiversiLab-defined clonal lineages. Sequence-based typing of blay,_s, variants has the
potential to be applied for epidemiologic characterization of A. baumannii and to identify worldwide clonal lineages 1 to 8.

A cinetobacter baumannii is a Gram-negative hospital-acquired
pathogen which commonly causes pneumonia, bloodstream
infections, meningitis, wound infections, and urinary tract infec-
tions, especially in patients with impaired host defenses (3, 14).
Until recently, the majority of A. baumannii isolates, while being
resistant to many antimicrobial classes (fluoroquinolones, tetra-
cyclines, cephalosporins, and aminoglycosides), remained sus-
ceptible to carbapenems (3). However, today carbapenem resis-
tance is more frequently encountered, with rates of up to 70% of
isolates reported in some countries (3, 11, 13, 14, 19). Predomi-
nantly in A. baumannii, carbapenem resistance is conferred by
carbapenem-hydrolyzing class D oxacillinases (CHDLs) (8, 15).
These include the acquired OXA-23-like, OXA-40-like, OXA-58-
like, and OXA-143 oxacillinases, as well as the intrinsic OXA-51-
like oxacillinase, of which there are currently 68 variants identi-
fied. Although CHDLs exhibit weak carbapenem hydrolysis, they
can confer resistance when overexpressed. This is mediated
through a combination of naturally low permeability to B-lactams
and ISAba elements located upstream of the gene, providing a
strong promoter (the OXA-40-like and OXA-143 oxacillinases
appear to be exceptions to this) (16, 21).

Molecular typing of isolates obtained from various locations in
Europe has shown the existence of three distinct lineages that have
been termed European clone I (EUI), EUIL, and EUIII (2, 3). More
recently, repetitive-sequence-based PCR (rep-PCR) typing using
the DiversiLab system has identified eight carbapenem-resistant
A. baumannii clonal lineages (WW1 to -8) that are distributed
worldwide (8). WW1 to -3 have been shown to correspond to EUT
to -III (8). A correlation of OXA-69, OXA-66,and OXA-71 to EUI
to -III, respectively, has been utilized in a multiplex PCR-based
method to identify the three lineages (20). The aim of this study
was to investigate the correlation between blagy_s; jie SEquUences
and worldwide clonal lineages 1 to 8.

(This work was presented in part at the 21st ECCMID/27th
ICC, Milan, Italy, 7 to 10 May 2011.)

MATERIALS AND METHODS

Bacterial isolates. One hundred two A. baumannii isolates were selected
from a worldwide collection of imipenem-nonsusceptible A. baumannii
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clinical isolates collected between 2004 and 2010. These had previously
been molecularly typed using DiversiLab and assigned to worldwide
clonal lineages 1 to 8 or to other (sporadic) genotypes (8). The isolates
selected for this study comprised at least eight isolates representing each
clonal lineage (Table 1). In addition, 10 isolates with unique DiversiLab
genotypes were included. Isolates within a lineage were chosen to repre-
sent as many countries of origin as possible.

Sequence group multiplex PCR. Isolates which had been identified as
WWT1, -2, or -3 using DiversiLab or which were found to be in possession
of a blagy,_s; variant that was associated with these lineages were also
investigated by multiplex PCR based on amplification of the ompA, csuE,
and blagya s, ke genes as previously described (20).

PCR amplification and blagy, s, e Sequencing. Template DNA
was extracted from an overnight culture on blood agar plates. A 1-pl
loopful was resuspended in 100 pl sterile water and boiled for 10 min
before snap cooling on ice. Amplification of blagy_s; jike g€NES Was per-
formed as described previously, using primer pair OXA-69A/OXA-69B or
preABprom™/OXA-69B when ISAbal was found upstream of the gene (4,
21). PCR products were sequenced in both directions. blagy,_s; variants
were identified by BLAST query. To confirm sequences of novel blagy, s,
variants, PCR and sequencing reactions were repeated using Phusion hot-
start high-fidelity DNA polymerase (Thermo Fisher Scientific, Schwerte,
Germany). Products were purified using the QIAquick PCR purification
kit (Qiagen, Hilden, Germany) and sequenced. Novel sequences were
assigned by the Lahey P-lactamase database (http://www.lahey.org
/Studies/) and submitted to GenBank.

Phylogenetic analysis. Based on the nucleotide sequences covering
the whole coding regions of blagya s, jike genes, phylogenetic trees were
constructed by using the neighbor-joining clustering algorithm and the
Jukes-Cantor distance model using Bionumerics 5.1 software (Applied-
Maths, St-Martens-Latem, Belgium). An initial analysis looked at cluster-
ing of only the blagy,_s, Variants sequenced in this study. A second anal-
ysis compared clustering of all published blagy ,_s, variants.
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TABLE 1 blagy,_5, variants and origins of 92 isolates belonging to WW1 to -8

blagya_s, variant Amino acid
Lineage product (n) substitution(s)® Country(ies) of origin
WW1 (EUI) OXA-69 (7 + 1) Germany, Spain, Pakistan,” India, Greece, Italy
OXA-92 (1) W234—S Greece
OXA-107 (3)¢ L167—V Poland
WW2 (EUII) OXA-66 (13) UK, Portugal, Australia, Austria, Greece, Ireland, Italy, South Africa, Poland
OXA-82 (5)° L167—V USA, Poland, Taiwan
OXA-172 (1)¢ 1129—V, W222—L Taiwan
OXA-201 (1)° L167—V, P130—Q Spain
OXA-202 (1)¢ 1129—>M USA
WW3 (EUIII) OXA-71(2) Spain, South Africa
OXA-113 (7)€ L167—V USA
WW4 OXA-51 (8) Turkey, Argentina, India, Germany, Brazil, Chile
OXA-219 (1)¢ L167—V Chile
WW5 OXA-65 (12 + 2Y) Spain,” Argentina, USA, Colombia, Venezuela, Germany, Mexico
WWe6 OXA-90 (3) Italy
OXA-200 (5)¢ P130—L, W222—L Honduras
WW7 OXA-64 (10) Latvia, Switzerland, Venezuela, Mexico, Colombia, Singapore, Germany
WWS8 OXA-68 (7) Spain, Turkey, South Korea, China
OXA-128 (2) D68—V France, Bulgaria

“ Amino acid changes compared to OXA-69 for WW1, OXA-66 for WW2, OXA-71 for WW3, OXA-51 for WW4, OXA-90 for WW6, and OXA-68 for WW8.

b ISAbal upstream of blagy _s, variant in an isolate with an acquired OXA.
“ISAbal upstream of blagy _s, variant in an isolate without an acquired OXA.

Nucleotide sequence accession numbers. The nucleotide sequences
of the novel blagy 4 _s; variants reported in this paper have been submitted
to the EMBL/GenBank database under accession numbers JN790646
(OXA-113b), HQ734811 (OXA-200), HQ734812 (OXA-201), HQ734813
(OXA-202), JN215211 (OXA-219), and JN248564 (OXA-223).

RESULTS

Sequencing of blagx_s; ke genes. To investigate the correlation
between blagy,_s, variants and DiversiLab clonal lineages, blagxa s jie
genes of 102 clinical isolates were sequenced. Ninety-three isolates
were in possession of known blagy ,_s; variants, and we identified
five novel OXA-51-like oxacillinases: OXA-200, OXA-201, OXA-
202, OXA-219, and OXA-223. Tables 1 and 2 summarize these
results and include the strains’ countries of origin. With the ex-
ception of blagy,_;13 which we found to have a nucleotide se-

quence different from that published (two nucleotide mismatch-
es; henceforth denoted as blagyx_113,)> DNA polymorphisms were
not found in the blayx, 5, variants.

blagx s_s1-1ie typing and DiversiLab clustering. The blagy, 5,
variant groups were compared to DiversiLab clusters. Isolates be-
longing to the same clonal lineage were in possession of similar
blagxa_s, variants. These had either the same blagy ,_5, variant or
an amino acid variant (Table 1). For example, WW1 isolates were
in possession of OXA-69 or variants of this, ie., OXA-92
(W234—S) or OXA-107 (L167—V) (Table 1).

Interestingly we found that variants of OXA-66, OXA-69, and
OXA-71 were identified in carbapenem-resistant isolates without
an acquired OXA, and in each case the blagya_si ke gene was
associated with ISAbal (with the exception of blagx _o,) (Table 1).

TABLE 2 Isolates that did not cluster in DiversiLab and their expected worldwide lineage (where applicable) based on their blagy, 5, jie S€quence

blagy .5, variant Expected worldwide lineage

Highest similarity (%) to worldwide

Country(ies) of

(n) based on blagy,_5, variant® lineage using DiversiLab Sequence group origin

OXA-69 (2) WW1 WWI1, 87.3 SG2 (EUL, WW1) Italy, Argentina
OXA-110 (1) WW1 (see Fig. 1A) WW1, 87.6 SG2 (EUIL, WW1) Poland
OXA-66 (1) Ww2 WW2, 88.6 SG1 (EUIL, WW2) Australia
OXA-82 (1) Ww2 WWe. 81.3 blagy asy ke Dand of SG1 Taiwan
OXA-51 (2) Ww4 WWS5, 77.9 ND* Chile, Brazil
OXA-68 (1) WW38 WWS, 84.9 ND India
OXA-223 (1) UNC* WW4, 88.8 ND USA

OXA-95 (1) UNC WWe, 79 ND Singapore

“ See Table 1.

? ND, not determined.
¢ UNGC, unclustered.
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Similarly blagxa_»00» @ variant of blagxa_op> and blagy -1, @ vari-
ant of blagx,_s;, were also associated with ISAbal and carbap-
enem resistance. ISAbal was also upstream of one blagy,_go and
two blagxa_¢s genes, but the isolates possessing these genes also
had an acquired blagy -

Ten isolates had unique DiversiLab genotypes (Table 2). Two
of these were in possession of blagy s o5 OF bldgya 223 Which did
not cluster with the other blagy,_s, variants (Fig. 1A; Table 2).
Five isolates possessed a blagx,_s, variant that suggests that they
should cluster with WW1 or WW2. However, DiversiLab did not
cluster them with either of these lineages. Therefore, all isolates
with OXA-66 or OXA-69 variants were investigated using se-
quence-based multiplex PCR (Table 2). This confirmed the
WW1/WW?2 clustering as previously described (8). The four un-
clustered isolates possessing blagxa_gor blagxa-1100 OF blagxa g6
amplified either the sequence group 1 (SG1) or SG2 pattern (Table
2). In addition, the unclustered blany,_g, isolate was positive for
an SG1 blagy s s, iike gene, while ompA and csuE were negative.

Phylogenetic analysis. blagy,_5, variant gene sequences could
be classified into six distinct clusters and four unique sequences
(Fig. 1A). Correlation of OXA-69, OXA-66, and OXA-71 to EUI,
-1, and -11I, respectively, was shown by the linkage map published
by Evans et al., which was based on amino acid sequences (4).
OXA-65 was placed in the center of the map, and all variants
radiated out from there. However, this linkage map can be mis-
leading. For example, OXA-91 and OXA-95 differ by five amino
acids and are distant on the map. OXA-104 and OXA-95 differ by
three amino acids and are situated close together on the map.
However, at the DNA sequence level, blagyx_o; and blagya_os are
98.4% similar, while blagy s 04 15 <76% similar to either of these
genes. Therefore, we chose to analyze OXA-51-like variants at the
DNA level because this may allow for a more sensitive approxima-
tion of relatedness.

Figure 1B represents the hypothetical phylogenetic relation-
ship of all blagy _s; variants published to date, with the exceptions
of blagya 116 and blagx_1,7> whose sequences were incomplete,
and blagyxa_194 Which occupied a separate position in the tree,
based on very low similarity (<76%) to all other variants (data not
shown). Although there was a lack of a clear phylogenetic struc-
ture, some putative monophyletic sequence groups were present,
as indicated by bootstrapping values of >70% (Fig. 1B). Two
large, well-defined clusters encompass blagy,_s; variants associ-
ated with WW1 and WW?2, respectively.

DISCUSSION

Commonly used methods to identify the clonal relatedness of A.
baumannii isolates are macrorestriction analysis by pulsed-field
gel electrophoresis (PFGE), sequence group typing based on the
amplification of three chromosomal genes (20), and multilocus
sequence typing (MLST) based on the amplification of seven
housekeeping genes (1, 2). Unfortunately these methods are often
time-consuming, expensive, or labor-intensive. The major advan-
tage of blagya_s1.ke gene typing is that sequencing is based on a
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single gene; therefore, this method appears to be an easier, faster,
and cheaper way of A. baumannii typing. Single-locus sequencing
has proved useful with typing of other species, for example, Shiga
toxin-producing Escherichia coli (STEC) (5) and Staphylococcus
aureus (spa typing) (12, 22). However, some S. aureus single-locus
methods, such as SCCrmec and agr typing, while useful, are not as
discriminatory as spa typing (22).

Several studies have also investigated sequence-based blaoxa_s1 ke
gene typing in comparison to other typing methods, where it was
shown that blagy, s, 1ie gene sequencing corresponded to MLST
and sequence group typing (6, 20) but not to PFGE (6). However,
the PFGE-derived dendrogram did not fully differentiate between
the different EU clonal clusters, highlighting that PFGE is not
suited for population studies. In our study, we found a correlation
between blagy, s, e sSequences and worldwide clonal lineages 1
to 8. It was shown that some clonal lineages possess more OXA-51
variants than others, which may result from either the stability of
some variants or their association with relatively young lineages.
For example, WWS5 isolates were geographically widespread but
possessed only OXA-65, while WW1 and WW2 were equally
widespread but possessed several OXA-51 variants. It was specu-
lated that based on known intraclonal heterogeneity, EUI and -II
are relatively old compared to EUIII, and this may explain why
they have a greater number of OXA-51 variants (2). Based on this,
WWS5 is likely to be a more recently established clonal lineage.
However, the relative age of a clonal cluster may not be the only
factor behind the variability of blagy,_s; variants.

It has been shown that carbapenem resistance is commonly
associated with acquired OXAs or overexpression of OXA-51-like
oxacillinases (7, 9, 21). We found that the majority of carbap-
enem-resistant isolates either possessed an acquired OXA or had
ISAbal associated with a blagy _s; e gene. Interestingly, ISAbal
was associated predominantly with blagy_s; e genes which en-
coded amino acid variants of OXA-66, OXA-69, OXA-51, OXA-
71, and OXA-90 but mainly where it was the only carbapenem
resistance mechanism detected. Not only do insertion sequence
(IS) elements lead to overexpression, but published data suggest a
role of IS elements in the evolution of B-lactamases. For example,
an in vivo mutation was described in A. baumannii that converted
the acquired blagya 164 iNt0 blagy, ss and was associated with
carbapenem therapy and the presence of ISAba3 (10). Similarly, it
was shown in E. coli that the ISEcpI-associated extended-spec-
trum B-lactamase CTX-M-3 exhibited an amino acid substitution
after selection on ceftazidime (18). It can therefore be hypothe-
sized that carbapenem therapy may play a role in the selection of
blagx s, variants when it is the sole carbapenem resistance deter-
minant and associated with ISAbal-mediated overexpression.

As the association between DiversiLab types and blagx, s,
variants suggests the coevolution of blagy,_s; e S€quences with
other parts of the A. baumannii genome (seen as different rep-
PCR patterns), it would be interesting to further investigate iso-
lates carrying each of the known OXA-51 variants to gain further
insights into the correlation between sequence-based blagy s s ke

FIG 1 (A) Unrooted neighbor-joining tree based on blagy,_ s, Nucleotide sequences of 102 clinical isolates. Bootstrap percentages of >70% after 1,000
replicates are shown. Horizontal bar, 0.5% sequence divergence. #, the isolate possessing OXA-110 did not cluster with WW1 to -8 by rep-PCR but was positive
for SG2 (WWT1). (B) Unrooted neighbor-joining tree based on nucleotide sequences of all published blagx,_s; variants except blagxa 116 Plaoxa.117> and
blagyx.104- Horizontal bar, 0.5% sequence divergence. Bootstrap percentages of >70% after 1,000 replicates are shown. ¢, blagy,_s, variants (blagya_19e»
blagya-112> laoxa s3> and blagy s _g,) that have previously been shown to correlate with EUT to -11I (6, 20).
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typing and other typing methods. The results for our rep-PCR-
unclustered isolates indicate that amplification of repetitive re-
gions of the genome may not always be in agreement with se-
quence-based multiplex PCR. Repetitive sequences may be
subject to rapid changes brought about by recombination events,
which may explain the lack of correlation between the two meth-
ods with these strains. In a recent study, recombination hot spots
were found to include genomic regions that encode proteins asso-
ciated with cell surface molecules but to our knowledge were not
associated with blagya_s1_jike genes (17). Therefore, the use of al-
ternative methods such as the Bartual and/or Pasteur MLST
schemes may help to resolve this issue (1, 2).

In summary, despite the variation in DNA sequences, we ob-
served a striking correlation between blagy,_s5; monophyletic
groups and A. baumannii worldwide clonal lineages 1 to 8. There-
fore, sequencing of blagyxa_s1_iie genes has the potential to con-
tribute to the population analysis of A. baumannii and be used to
identify not only European clones I to III but also A. baumannii
isolates belonging to worldwide clonal lineages 1 to 8.
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